TABLE 22. QUENCH TOWER EMISSIONS VELOCITY DATA

Range Average
Location {m/sec) {m/sec)
Bairds and Scottish, Ltd. 2.1~5.5 al
Bethlehem, Tonawanda 5.,2~8.3 6.1
Bethlehem, Lackawanna 8.0~8,02 - B.D
Kaiger, 1972 - 6.4
Kaiser, 1977 4.0-5.5 al
Armeo, Houston J.6~6.6 3.2
DOFASCO 2.0-4.1 3.1
U.5.8. Lorain No., 1 7.0~12.3 9.4
U.8.8. Lorain No. 2 Not Availabl& -

2/ Data insufficient to obtain average,

The other three sets of data for clean water tests pertain to rectangular
tewers using a typical quenching process. The value of 0s155 kg/Mg coke (0,31
ib/ton coke) for Kaiser is an average of three emissions tests, one of which
was conducted when the baffles werse severely eroded e If we assume an aver-
age 50% efficiency for the baffles at Kaiser and DOFASCO, uncontrolled emissions
would be in the range of 0.31 to 0.95 kg/Mg coke (0462 to 1.9 Ib/ton coked.

If we assume 80 to 85% efficiency for three rows of batfles, uncontrolled emis-
sions &t Armco are estimated to be 0.8 ra 1 kg/Mg coke {l.6 to 2 1b/ton coke),
Based on these assumptions, uncontrolled emissions from a rectangular tower
using a standard gquenching process are probably in the range of 0,5 to 1 kg/ Mg
(1 to 2 ib/ton),

4s3ele2 Effects of Water Quality on Emissions - Since a significant portion

of the guench water is evaporated or entrained in the emissions stream as drop-
lets, it ji= expected that the quality of the quenching water will have an effect
on emissions. This obvious point is well supported by four sets of Lest results.
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The most comprehensive analysis of the effects of water guality on emissions
was conducted by Edlund, Laube, and Jeffrey using data from the first Lorain
test. Edlund et al. have shown that for these tests, the total mass emissions
are directly related to the amount of dissolved solids in the quench water.
iIf the acetone probe wash (source of emissions unknown) and large diameter par-
ticles (probably caused by thermal fracturing of coke) are disregarded, the
emission parameters showed an even greater dependence on water quality. Graphic
results of these analyses are shown in Figures 22 and 23. Average emissions
from the first set of rests at Lorain show a 57% reduction (1.79 to Q.78 kg/Mg)
when the quench makeup was changed from process water to clean river water.32/

Results from the second set of tests at Lorain are not yet complete. Hence,
a comprehensive analysis of the effects of water quality on emissions is not
puossibles However, an analysis of total particulate emissions for both types
of quench water shows that emissions averaged 1.19 kg/Mg coke {2.38 1b/ton coke)
when process water was used as compared to 0.61 kg/Mg coke (1.22 Ib/ton coke)
when river water wasg used as makeup. This amounts to about a 30% reduction in
emissions s’

Data from Bethlehem, Tonawanda alse indicate a relationship betwsen water
quality and emissions. At the time of the tests, makeup water at Tonawanda was
in part larry car scrubber effluent. Emissions from a rectamgu}ar tower with a
single row of baffles were 0.49 kg/Mg coke (0.98 Ib/ton coke)sl/ This rate
is two to three times higher than similar towers using clean water described
in Section G«3e¢lsles

Finally, a series of tests was conducted at CF&I to compare emissions
using industrial grade water and process water from the by-products plant as
makeup water. While the grab sample technique and suspect velocity measurements
make cstimation of total emissions uncertain, it can be stated that grain load-
ings were one-thivd lower for industrial water than for process walers—w

Based upon these data, it appears that the use of contaminated water for
gquench maksup can result in particulate emissions one and a half to three times
greater than emissions from towers using clean water as makeup.

Ga3ela3 Effects of Coke tuality on Emissions - Little substantive information
is available on the effects of coke properties on emissions. Those coke prop-
erties most likely to affect particulate emissions are temperature, greenness,
and tendency of coke to fracture under thermal stress. Limited data are avail-
able on the relationship of temperature and greenness to emissions, but results
are inconclusive. No data on the tendencies of certain coke to fracture were
Found.

Measurements of both oven remperature and coke greenness were available
for almost all tests at U.5. Steel ~ Lorain and at DOFASCO. Analysis of these
results, shown graphically in Figures 24 and 23, showed no relationship hetween
gmissions and these properties.
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Figure 22s Total quench tower particulate emissions versus diszolved
solids in gquench water (95% confidence limits shown).
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Jackson and Waplegﬁf conducted two test phases at Bairds and Scottish Steel,
Ltd. During the first phase, coking time was 19-1/2 hr at a tenperature of 1200°¢
{~2200%F). During the second phase, coking time had been extended to 35-1/2 hr
with a reduction in temperature to 1100%¢C (~2000°F). Emissions in the uncon-
trolled tower declined from 6.95 kg per quench to 1.39 kg per quenchy a reduce
tion of 80%. However, data are insufficient to identify the effect of decrease
in greenness or the specific effects of temperature decrease as opposed to in-
crease in coking time .38/

The results of the tests at Bethlehem are of some interest with regard
to greenness of coke. At both Lackawanna and Tonawanda, grain loadings are higher
in the outside sections of the tower than in the middle section. The end sections
are above the part of the coke car containing the coke most likely to be green.
However, data are insufficient tro develop quantitative estimates.

Based on the above, it must be concluded that data are insufficient to
determine the effects of coke quality on particulate emissions.

“e3+1.4 Particle Size Data - Data are insufficient to provide a highly quanti-
tative analysis of emissions from quench towers. However, based on conversations
with plant personnel and analyses of limited test data, it is possible to make
the following statements: (a) emissions from nonbaffled quench towers contain
significant quantities of large particles; and (b) emissions from baffled gquench
towers contain primarily fine particles.

This first statement is supported by statements of plant personnel. During
telephone conversations and plant visits personnel frequently mentioned the
amount of fallout before baffles were installed. Fullerton found that almost
2.7 kg of particles of size greater than 75 #m were emitted from an uncontrolled

EOWEY gz Finally, data from Bethlehem, Tonawanda indicate that in an uncon-
trolled tower 90% of the emissions were captured in the CyClQHEw&§f Most of

these particulates are greater than 10 sm in diameter.

Three sets of emissions tests substantiate that particulate emissions from
baffled towers are relatively small. Data from the first Lorain test indicate
that for emissions from a tower using dirty makeup water, an average of 679
of the emissions were less than 10 um in diameter.d2/ por clean water makeup,
an average of 82% of the emissions were less than 10 pm in diameter.d2/ ac
DOFASCD an average of over 90% of the total particulate emissions were smaller
than 10 pm in diameter.31l/

These results are supperted by the armco, Houston, tests. In an emissions
stream from & guench tower with three layers of horizontal baffles, no discern-
ible particulates were deposited in the probe or nozzle.2d/ This indicates ths
absence of larger particles.
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Ge3sle3 Total Particulate Emissions -~ Based upon the data presented above,
it is estimated that emissions from an uncontrolled guench tower using clean
makeup water are on the order of 0.5 to 1 kg/Mg coke {1 to 2 1b/ton of cokels
The use of dirty makeup water or control device effluent as makeup will in-
crease these smissions by a factor ranging from 1.5 to 3. Finally, baffling
can eliminate from 50 to 90% of these emissions. Baffle efficiency is depen-
dent upon baffle design and emissions strean characteristics.

4$43.2 Analvsis of Qreganic Emissions Data

Limited data are available on organic emissions from quench towers. Avail-
able data generally fall into one of four types: (a) BaP; (b} total hydrocarbons;
(¢) phenovls; and ¢(d} benzene. Data for these organic emissions are presented in
Table 23. In addition, preliminary PaAH data are available from the second Lorain
test. These are presented in Table 24. analyses of each of these types of emis-
sions are presented below.

4.3.2.1 BaP or Benzopyrene Emissions -~ The most extensive work on benzopyrane
content of particulate emissions has been conducted by Masek of Czechoslovakia.
4 series of tests vielded an average benzopyrene content of 23.85 ug/g of par-
ticulate {i.e., about 0.0024% of total particulate emissions) for an unbaffled
tower and 27.0 ug/g for a baffled tower. For particles of diameter less than

5 pm, Masek found benzopyrene levels of 56 pg/g for an unbaffled tower and a
range from 37 to 91 uglg for various baffling arrangements. This would indicate
that higher levels of benzopyrene exist in fine particles than in large par-
ticles. Hence, baffling is less effective in contrelling these emissions than
in controlling total particulate emissions.

Data were also obtained by the State of New York on both Bethlehem Steel
quench towers. At the Tonawanda plant, emissions varied from 0.163 x 1073 to
about 0.511 x 1077 kg/Mg of coke at various parts of the tower. If we assume
the larger value, BaP emissions are about 0.10% of total particulate emissions
at Tonawanda (0.5 kg/Mg coke)s This is for a tower without baffling using clean
makeup waters

e g -6 ;

At Lackawanna, BaP emissions for two runs averaged 13.2 x 10 7 kg/Mg of
coke. This is equivalent to about 0.0027% of the total particulate catch at
Lackawanna (0,49 kg/Mgls These results are for a baffled tower using larry
car scrubber sffluent as makeups '

It is worthy of note that the concentrations of BaP were higher at both
ends of the car than in the middle. Since the coke at the ends of the oven (and
hence the guench car) is cooler than that in the middle, it tends to be less
carbonized (iee., greener). Therefore, these results may suggest a relationship
between greenness of coke and BaP emissions. However, data are insufficient to
confirm such 3 conclusion.
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TABLE 23, ORGANIC EMISSIONS DATA

% of
. Sonbral Emissions parifoulate
Type of Eaniseiensz COMEBYRL 5 e Sures Comnentrakfon {kgfHg) ooke eminsiony
Particuletsy Emissious
Bengobyrened Yo sonirol - 6.2 5 1678 &, 0024
Kafflen {2 rows - Law b 1,007
6° frowm
borisontall
Seaeaprrens None - - O
Preusurized fower - - P §ed
Bavlf Ro ceatrolfeless - Belb3 - 00511 D035 -
makeuy w1 LRI
Bars Bafflesidivty - RIS N e f.06027
sakeun .
Batfleadn luan PP e bE:owpdnt 0.3~ L2029 Guiild -
Mk ey X PEtos ; 3,038
Baf{len/dircy Toubi x 19 0. 143%
mgkRup
Gaseous Eminsions
tal Hydroosrbones’ Lloan watey - AP -
ctal Hydromarbons®’ Dirty makeup - IR -
torald ¥rdrocarbonsl! Clean waper S84G ppwm - -
Lontaminated 3,000 powm - -
WELET
Tocal Urga Clens watey 1,400 ugind -
VirLy water 403,35 mafwd ~
Aliphatic Bedrovsrbuons Clean waier T3 mgdmd -
Blrty water 14,39 mgimd -
Arematic Hedrosarbeng Clean wapsy None detecred - -
Pirty water Hemes detpeted ~ -
Hensromgt fe {lenn water Hope degectet - -
Heterovarbons Tirey warey 1,64 ssfm3 B8 -
sromatic Hegsrachrboouk flesn water 2.50% mgdnd JoE4E -
Blrey water 3543 wgind A2 -
Adduhydes, Esters Car- Ulsen water 238 mgimj £ 2-14] -
towslis 3olds, Aspy~ Direy water 5,88 mgfad (LS ¥R} -
late Pelymers
CReviomes, Anine Selts Clean watet 45,70 mgind D.671% -
Phosphines, tirey warer I2.80 mpims B8535 -
faoryangte
Total Hydrocsrbened? Moo dels &, 54 ppo - -
3.3 ppw - -
shenoialf Mroy sakeun - {1,158 -
Fruma Lad Water trested - L -
for phoenol
renovig}
Fhensile Jempmunda Clzan waveup 4 ppes - -
Fhanoisld Crean makeup -
Phanirla Direty makouy -
Prenoinl flean makeup ¥i - “
Bernro e Waker goures L8905 ppm - -
watertais G000 ppm - -
A Texrs by V. Haswk reporind in Stsub g/ Sevond et of tesss 86 U.%.%. Lovain
fRefevence &1}, (Reference 333,
B Tewts by V. Hasek repovred in BORA 133 £5 Crak mamples from £F and I (Reference 583
{Beference 40}, & First set of tests ar U.5.%. Lovain
gf  Tespn ar Betbhlehewm, Tonawanda {Referance 32).
{Referance &V, BY Ten grab samples st sesond U.5.%. Lorsin
45 Tests st Bethlshem, Lackewsnns vest {Reference %2}
{Reference &8}, LF Foldwh tewt data, sawple method unknews

(Reference &0,
Ul davs from the LESE (Befersnse 4idy.
Kafger Steel Dats {Refevence Si-ib),

gt
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TABLE 24. PRELIMINARY PAH RESULTS FOR SECOND SERIES OF LORAIN TESTS

Test Noe iﬁf Test Nos 72/ Test Nos 1427
Conec, Emissions Conce. Emissions Conc. Emissions

Species pg/m®  g/vg pg/n®  gig ug/md  g/Mg
Indens XD 0.216 ND - H9 0.121
Naphthalene 173 0.003 99 G.116 > 6,846 > 12.0
Benzothiophene 4,72 0.005 2.3 4.0027 937 1.6%
Methvl Naphthalenes 82 0,102 25 0.030 1,631 2.87
Acenaphthylene/ 31 0.040 11 0.013 1,892 3.32

Biphenvlene \
Biphenvl 10.9 0.014 6.8 (. 0080 345 0,60
Dimethyl Naphthalenes 133 0,169 23 0.029 352 3.615
Fluorene 70 0.087 35 0.042 2,190 3.85
Carbazols KD - j\3y) - 470 0,820
Dehenzofuran/ 69 0.0875 18 f.022 1,274 2.23

methyl biphenyl
Anthracene/ 478 (. 595 2560 $4.305 > 4,00% > 7.05

phenanthrene
Dibenzothiophens 10 0.014 16 0.018 219 £,.358
Metrhvl anthracenes 183 0.230 B5 4. 100 410 5.72
Fluoranthens & 0.05453 31 0.036 818 1.65
Pyrens 38 0.048 25 0.034 737 1.29
CypHyn PAR ND - ¥D - 46 0.0815
Cléglz PAH ND = ND - 1z 0,020
CygHyy PAH ND - D - ND -
CygHyn PAH D - 3] - 11 0.020
Methyl Fluoranthene - - - - - -
Methyvl Pyrene 20 {4,026 13 0.016 128 0.211
Dihvdrobenzoflucrene KR - ND - 42 0,072
Chrysene/Benz{a} 11.4 0.014 89 0.104 88 0.155

anthracensas
¥aphthobepzothiophens KD - ND - 2.3 0.00640
Methyl-chrysense ®D - ND - 14 0,0242
Renzoeflucranthens, - - - - - -

henzoe{elanthracene
Benzof{a)pyrene KD - N - 118 {0.208
Perylens 84 0.105 D - 16 0,133
pephenvl anthracene ND - ND - ¥D " -

{18}

(continued)
9
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TABLE 24. {(continued)}

Test Noe 587

.Eest.ga. 'éf

Test Noe 1$§/

_ Conc.  Emissions Conc, Emissions Gone. Emissions
Species pg/m> g/Mg ug/nd g/ Mg pg/md g/ Mg
7.12 Dimethyl KD - ND - ND -

Benz{ajanthracene
Methyl~benzo pyrenssg KD - ND - XD -
Dibenzo {c,g) KD - NB - ND -
carbazole
I-methyl N - D - ND -
chalanthrene ND - NI - ND -
Indeno D - KD - KD -
{(1.2,3-cd)pyréne
Benzo {ghi) ND - D - HD -
perylens
Dibenzo KD - ND - D -
(a,hlanthracens
Coronens ND - ND - Kb -
Dibenzo NIy - ND - ND -
(ai and ah)pyrenes
TOTAL 1,443 1,802 745 (0.875 22,844 39,9
- . s e oo Uel na N
HD = Not detecteds Datection limit is ~;jr~*,

a/ Clean water test.

b/ Dirty water test.

95

ED_002508A_00001203-00011



The only other BaP results are a part of the preliminary test data from
Loraine BaP emissions were detected in the clean water wakeup tests ranging
from nondetected to 0.392 x 1077 kg/Mgs BaP levels averaging 0.462 x 1073 kg/
Mg of coke were obtained during the dirty water tests. This again amounts to
about 0.039% of the particulate emissions at Lorain for those tests. In addi-
tien, the Lorain data indicate that 25 to 60% of the BaP may be in gaseous
forme

Thus, we believe the most reliable estimate of BaP emissions to be in the
range of U.13 to 0.50 x 10~3 g/ Mg

b4e3s2e? Total Gaseous Hydrocarbon Bmissipns - Total gasecus hydrocarbon emis-
sions data ars extremely limited. Average emission rates of heavy hyvdrocarbons
from Polish steel mills have been estimated at 0.098 kg/Mg coke. Test methodology
was not described.

., The State of New York measured gaseous hydrocarbons at Bethlehem, Tonawanda
and Bethlehem, Lackawanna. The tests for hvdrocarbons at Tonawanda (an unbaffled
tower using clean makeup water) were determined to be 0.085 kg/Mg (Taeble 23).

The Lackawanna tower is baffled, but makeup water was larry car scrubber
effluent. Average hydrocarbon emissions from the three runs were 0.0084 kg/Mg
with the highest emissions levels being 0.015 kg/Mg. It is unexpected that hydro-
carbon levels for the "dirty™ water are lower than those from the clean water
quenchess

Samples were taken to determine total gaseous hydrocarbon concentrations
at CF&I, and also at the second series of tests ab U.5. Steel - Lorain. At COF&I
the concentration was reduced from 3,000 to 600 ppm by changing from process
water to industrial water for makeups &t Lorain, hydrocarbon levels were 17.37
and 8.54 ppm for two tests with clean waters Thess two plants obvicusly have
extremely different concentrations. Reasons for such a difference are not APpAT~
&Nl «

Finally, total hydrocarbon emissions were determined during the first
Lorain tests using a continuous sampling train with 3 polymer compound in a
cooled absorber trap. Two tests were run using clean water makeup and one was
conducted using contaminated waters As can be seen from Table 25, total organic
emissions were 0.772 kg/Mg for the contaminated water tests and 5.425 kg/Mg
for clean water tests. It should be noted that, unexpectedly, emissions were
much higher for the clean water tests than for the dirty water test. However,
investigation of these test results revealed that they are probably in srror,
due to contamination from the sampling train.

45 3.2.3 Phenol Emissious - Based upon the nature of coke oven gases and by~
products wastewater, it is likely that the guench tower plume will contain some
phenolic compounds. The results of several tests of phenolic content of juench
tower emissions are analyzed below.
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TABLE 25. HYDROCARBON DATA FROM LORAIN TEST NO. 1

Contaminated water Clean water
Type of organic compound me/m- kg /Mg mg!mB kg/Me
Aliphatic hydrocarbens 14,29 (0.026 734.72 1.172
Arvomatic hydrocarbons KD ND A NA
Non-aromatic heterccarhons 1.684 0.003 Nb ND
{esters, alcohols)
Aromatic heterocarbons 259,15 0,464 2,408, 57 3.842
{phenols, nitrites,
phthalate, esters)
Aldehydes, esters, carhoxilic 95,61 0.171 212.76 8. 340
acids, acrvlate polvmars
Keytones, amine salts, 32.80 3.0585 44,70 ¢.0715
phosphines, isocyanate
Totals 403,49 2.7715% 3,400,753 5,425

Z
Bt
0

Not Detected

2¢
e
i

Detected but weight attributable to this compound not. available.

The United Nations document on coks quenching reported the results of tests
on & Polish quench tower using wastewater as makeups Phenol emissions were re-
ported as 04158 kg/Mg coke produced. The test methodology was not described.

The same document reported phencl emissions of 0,074 kg/Mg at a plant in the
USSR where wastewater was treated for phenol removal,

Gaseocus phenol emissions wers analyzed for both Bethlehem towers by the
State of New Yorke At Tonawanda, phenal emissions were reported to be 0.0015
kg/Mg (0.003 Ib/ton). At Lackawanna, where scrubber effluent is used as makeup,
three tests resulted in average phenol emissions of 0.093 kg/Mg with a range
of 0,056 to 0.122 kg/Mg. Since this source has some particulate control, the
results are not directly comparable. However, it can be seen that the smissions
from the Lackawanna baffled Lower, using some dirty makeup water, are about
30 times higher than the phenel emissions at the Tonawanda unbaffled tower
using clean water.
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Finally, grab samples were taken at CF&I to analyze the difference between
process water and clean water as makeup. When process water was used, phenol
levels of 450 to 350 ppm were detected. No phenols were detected when clean
water was useds

Hence, most data appear fo indicate that phenolic emissions are significantly
higher when contaminated water is used as makeup.

4e3.244 Bengzene Emissions « The only reported tests for benzens smissions were
conducted during the second series of tests at Lorain. Two grab samples vielded
concentrations of 0.040 and 0.005 ppm. Data are insufficient to permit any anal-
vsis of these results.
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that in a quench towers. Collection by momentum forces relies on producing a
sudden change of direction in the gas stream. The larger particles, because
of their inertia, will continue to move in the same direction as the initial
gas flow and are thus separated from the gas stream. Small particles will fol-
low the streamlines and must be removed by other types of collection forces.

Particles carried in an upward flowing gas stream will, of coursey tend

to fall back down the tower unless they are of such a small size that the drag
of the upward flowing gas stream exceeds the terminal settling velocity of the
particle due to gravity. Test data discussed earlier showed that za5 velocities
in quench towers are generally greater than 3 m/sec, which is great enough to
suspend particles on the order of 1,000 m. Thus, it can be seen that only the
very large particles would settle back into a guench tower against the opposing
upward movement of gas.

Bends in the tower leading to the baffle ssection {i.es, offset tower) act
as impingment surfaces and some particle collection may occur at these locations.
When a gas stream carrying particulate matter impinges on & body, the gas iz de-
flected arcund the body while the larger particles, because of their greater
inertia, tend to strike the body and be collected on its surface.

The effectiveness of inertial impaction for particle collection is a funce
tion of the inertial impaction parameter which arises out of the force balance
equations of fluid resistance opposing the motion of the particle. The inertial
impaction parameter (dimensionless) is defined as:

CU, p, d.2

}Ii WM ‘”O k
1 18 f&g d{'; {D 12
where G = Cunningham correction factoy
U, = gas velocity, cm/sec

g = gas viscosity, glem sec
dy = particle diameter, pm
d, = diameter of collecting body, cm

pp = particle denmsity, g/ cm’

2

Ranz, Wong, and Jahnstuneﬁéf and other investigators have shown that the collec-
tion efficiency of inertial impaction is a function of the impaction parameter
and that the impaction parameter (NT) must exceed four in order for collection
efficiencies to exceed 90% Substitution of representative values of the gas
velocity in quench towers into the above eguation, indicates that particle
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5«0 THEORETICAL ANALYSIS OF PARTICULATE REMOVAL IN QUENCH TOWERS

A previous section of this report showed that there are many variations
in general tower designs, which could affect emissions. This included various
tower configurations (straight or offset) and use of various baffle designs
and baffle locations (being either near the top or bottom of the tower). However,
the available test data were not sufficient to yuantitatively assess the effsct
of these variations on emissions. A theoretical analysis was done in an attempk
to develop a tool that might be useful in evaluating emissions from quench towers
and the effectiveness of various baffle designs. The following subsections pre-
sent this analysis, which is directed only to particulate emissions {particles
or droplets) rather than to any emissions that may be partly or wholly in gas-
gous form {(POMs or benzenel.

S«1 PARTICULATE COLLECTION IN BAFFLE TOWERS

Several collection mechanisms or forces may act to achieve averalldparaicum
late collection in baffle towers used in coke guenching applications. Mechanisms
which may be invelved include gravity and momentum forces, centrifugal force,
inertial impaction, and flux forces. The portion of the tower prior to any haf-
Fle section may act as a settling chamber and some growth and/or agglomeration
of fine particulates may cccur by condensation processes. However, the major
particle collection is believed to occur in the baffle section. Each part of
the tower is discussed separately in the following subsections.

5s141 Particulate Removal Prior to Raffle Section

Particulate removal by gravity and momentum forces and particle growth
via agglomeration and/or condensation processes may occur in the tower prior
to the baffle section. The conditions of the gas stream and the configuration
of the tower will dictate which processes may occur and their effectiveness.

521+1.1 Particulate Removal by Gravitv and Momentum Forces - Partficulate ro~

moval by these forces is mainly restricted to coarse particles.* The simplest

method of removing particles from a moving gas stream is to allow them to set-
tle out under the force of gravity. Large particles will often do so if their

settling velocity is greater than that of an upward flowing gas stream like

% For the sake of convenience, the standard definition of coarse particles
is used and refers to particles greater than 76 pum.
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removal would be minimal, primarily because a value for d. would be large.
Thus, general towers of offset design are not likely to much affect emissions,
gxcept perhaps for very large particles (> 1,000 pm).

5014142 Particle Agglomeration and/or Growth ~ Various particle agglomeration
or growth mechanisms may occur in the portion of the tower prior to the baffle
section which might enhance overall particulate collection« The conditions of
the gas stream such as vapor pressure, grain loading, particle size distribu~
tion, velocity, etcsy, will determine which mechanisms are operative and their

net effsct.

The
particle
particle
particle

where

agglomeration and growth mechanisms are most effective in the fins
size range (< 3 p)s This point is illustrated by consideration of
growth by condensation«* Calvert3s/ cites the following equation for
growth rate by condensation.

& = condensation coefficient, dimensionless
v = (Re1/2.) 12

M = molecular weight, g/gmol

D = diffusivity, cm?/sec

py, = density, g/cm?

B = gas constant

¥ T oye
absolute Lemperature, K

=~
]

P, ™ vapor partial pressure at drop surface, gfcmz
" . . )
p_ = vapor pressure in ailr stream, gfom®

¥, = particle radius, cm

*  Condensation is selected for discussion because the use of water in the
quench process makes this mechanism a strong possibility in gusnch towers.
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Equation (5.2} indicates that the rate of particle growth varies inversely with
particle radius. Experimental data such as those shown in Figure 26, also show
that an aerosol grows at a rate roughly proportional to the inverse of its
radiug. Growth continues until the ambient vapor pressure is lowered to equilibe
riue due to condensation of the available water «aper or due to particle move-
ment to different regions. The data in Figure 26 were reported by Calvert and
Gandhi=®’ ag part of their work on flux force/ condensation scrubbing in a
pilot-scale sieve plate column system. In Figure 26

dw% = dry mass median particle diameter
Gg = 2.3 = geometric standard deviation of particle size distribution
By, = particle number density

B water condensed
g dry gas

q' = gcondengation vatio

ty = particle condensation ratio

In summary, while particle agglomeration and growth may occur in the fower
prior te the baffle section, the processes will be mostly confined in theivr
effectiveness to the fine particle regime (i.e., < 5 um) and growth by conden~
sation is minimal for particles larger than 5 m. The degree to which thase
processes contribute to the overall control of particulate emissions in quench
towers is probably quite small because the baffle section, which serves as
the final cellection point, is a very inefficient device for fine particle col-
lection. This point is illustrated in the discussion of baffle performancs
which is presented next.

5«1«2 Particulate Removal by Baffles

The major site of particulate removal in the guench towers is the baffle
section. Recent work by Calvert et ale3l/ has resulted in the development of
a mathematical model which predicts the collection efficiency for a zigzag baf«
£le ssparator.
A zigezag baffle section is shown in Figure 27. The gas flow pattern in
a baffle section is too intricate to be described as a series of gentle bends.
The model used by Calvert et al. to characterize the flow includes the effects
of turbulent mixing. Calvert's model leads to the following expression for col-
lection efficiency:
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Figure 27. Continuous zigzag baffles.
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u, . nw, 8
E=1 - exp E‘ 3743 Ug b tan @:' o

where E = collection efficiency, fraction
Upe = drop (or particle) terminal centrifugal velocity, in the normal
direction, em/sec
Ug = superficial gas velocity, cm/sec
n = number of bends or rows
B = angle of inclination of the baffle to the flow path, degrees

Wy, = width of baffle, cm

b = spacing between two consecutive baffles in same vow, om

Particle penetration (1-E) is frequently used to describe performance,
and in terms of this concept Eq. (5.3) becomes

Uy W H
S J (544)

I ~E=p= |- ,
P [ 5743 Ug b tané
The drop (or particle) terminal cedtrifugal velocity can be determined

by performing a force balance on the drops The result is

0.5
N L
whers d_ = particle dismeter, cm

= particle density, giamj

P

a = aceeleration due to centrifugal force, cm/ssc
Cp = drag coefficient

. . ;3

= gas density, g/om

g

1f the drop (or particle) Reynold's number is low (N m<ﬁ0,i) s Stokeg!
law applies. For this condition, the drag coefficient is givén by
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24

¢ =7 (5.6
I ﬁ&e,D
whers &Ra,ﬂ = drop Reynolds number
_ dg Ure Fg
Ko
where g = gas viscosity, poise

By combining Egs. (5.5) and (5.6}, we obtain
2 p 8

d
u, | =

te 18 #g. (5.7

The acceleration due to centrifugal force is defined by the following squation.

2 (Ue)? 2 U% sin®
wy cot 8 h Wi cosd 8

{5.8)

where Ué = actual wvelocity between baffles, cm/sec

Substitution of Egs. {5.7) and (5.8) into Egs (5.3} gives the following
expression for collection efficiency:

d% £p UQ n o ‘
E=1 - gxp |~ (5.9}
L (51547 g b cos? 8 |

Equation {5.9) expresses the collection efficiency in terms of the baffls de-
sign parameters and the emission stream properties, and the equation can be
ugsed to predict the performance of baffle systems.

S5ela2el Influence of Baffle Design Parameters on Performance -~ The effect of
baffle design parameters on performance can be assessed setting dp 4 pp > and
Up  as constants in Egs (5.9) and varying n , &, and b « Table 26 illus~
trates the impact of changing baffle design parameters on performance for the
following repregentative values of the emission parameters

d = 60 u {6 1074 em)
Pp= 2 glemd

o= 300 cmdsec

1.8 % 107% poise

=
i
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TABLE 26. INFLUENCE OF BAFFLE DESICN PARAMETERS ON PERFORMANCE

Distance Angle of
between baffles baffle inclination
No. of rows b & Penetration Efficiency
n {cm) (degree} ) (E)
1 3 15 0.47 0.53
5 30 0.1% .84
5 4% 0,015 0,985
7 45 (.05 (.95
10 45 0.12 £.88
3 3 15 .22 0.78
5 30 0.024 0.976
5 45 2 % 1074 0.9998
3 5 15 0.11 (.89
5 30 0.004 0.9%6
5 45 3.4 x 107% 100

Assumptions: dp = 60 microns

Pp = 2 g/lem

Ug = 300 cm/sec
- -l e
g = 1.8 % 10 poise

Inspection of Table 26 shows that the angle of inclination has the most dramatic
influence on particle penetration for the assigned gas and particulate paraneters.
However, becauss the exponential term in Eqe (5.9} has a2 complex dependsance on

dp and @, the relative importance of ©n and & on performance will bhe a fune-
tion of particle size. This point is shown by comparison of Figures 28 through

30. As the particle size decrease, the importance of n increases relative to
the angle © . These figures also illustrate that, in general, the baffles do

not efficiently remove 10 um particles, but may effectively remove 100 um par=
ticles depending on angle of inclination and number of rows.

541422 Influence of Particle and Gas Froperties on Performance - If one wishes
to examine the influence of particle and gas properties on the performance, a

, Pixed baffle design is chosen. Table 27 illustrates the strong effect of the
particle size and gas velocity on performance.
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TABLE 27. INFLUENCE OF PARTICLE AND GAS PROPERTIES ON PERFORMANCE

Particle Gas Particle
Size Velocity Density
dp U o Penetration Efficiency

{pm) (cm/sec) {g/cc) (P (E}

20 300 2 0.71 (.29

40 300 2 0.26 0.74

60 100 2 £.37 .63

&0 300 1 0.22 0.78

60 300 2 .05 .95

60 500 2 . 007 0,993

Assumptions: n = 1

.- o
4= 45

#

ug = 1.8 x 1077 poise

5.1.2.3 Special Baffle Designs - The most common baffle design is the zigzag
with various numbers of passes. The Garl Still Company has developed a baffle
design which incorporates the advantages of multiple passes, but uses only a
single row of baffles. Figures 31 and 32 illustrate the baffle used in this
systems. As shown in Figure 32, the baffle incorporates three changes in direc-
tion with varying angles at each change of direction.

Equation (5.9) can be used to estimate the performance of this system
by treating each bhend as & separate entity and then computing the total peng~
tration for all bends (i.e., treat the individual bends in a series MANTET Je
Table 28 presents the estimated performance of this system for the following
aperation conditions of Armco's Middletown No. 3 unit.

U = 267 cmisec

b =12 em

B2 ogfec
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Figure 32. Diagram of Carl Still baffle angles,
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Like Table 28, Eg. (5.9) has been used to prepare Figure 33 showing the effect
of particle size on efficiency. Comparison of Figure 33 with Figure 30 indicates
that the Carl Still baffle design yields about the same efficiency as three rows
of 45 degrees baffles.

In conclusion, this theoretical evaluation of particulate removal by baf
fles shows that they may be highly efficient for large particles but, as ex-

pected, the efficiency decreases rapidly for particles <10 um.

34143 Comparison of Theoretical Predictions With Available Test Data

Very little data are available which can be used for checking the validity
of the theoretical prediction methods described in the preceding section and
of more concern are the Measurement techniques used to obtain that data which
are available (i.e., particle size distribution). For instance, Figures 28
through 30 indicate that a single row of baffles should have high efficiency 38/
of removal for particles above 100 pmy but work reported by Jackson and Waple™
for 20 degrees baffles and average velocity of 3 to 5 m/sec shows only about
40% removal for the mean size of 250 pm and only about 60% removal for particles
above 600 pm. This low removal efficiency for such large particles is highly
Suspect. In fact, the authors noted that the data may not he sufficient for
calculation of efficiency by size.

Much of the other data, although sparse, does indicate that the average
particle size of uncontrolled quench tower emissions is relatively large. Some
English data note 85% of the particles above 76 g and other mass emission tests
note that much of the "catch" occurred in the sampling probe, presumably being
particles above 10 pm.

On the other hand, emissions tests at the outlet of the baffled tower (iege,
Lorain}22/ show that 72% was caught in the probe, which is believed to represent
4 size range of 2,8 to 10,2 um, and less than 20% wasg caught in the cyclone on
the front of the probe (ises, particles above 10.2 #md or in the final filter.
Thersfore, if the average size of the uncontrolled emissions is large, as indi-
cated earlier, this seems to verify the expectation that they are efficiently
removed by baffles,

Y
Work by Fullﬂrtﬂﬂééj (using greased plate sampling) is pertinent to the

theoretical prediction because it involved sampling before and after installa-
tion of baffles. It showed that one vow of 20 degrees baffles reduced emissions
by 80% whereas 45 degrees baffles reduced emissions by 85% Referring to Figure
30, B5Y removal for 45 degrees baffles would indicate A average inlet particle
size of ~ 50 pms Using this size in Figure 28, for 15 degrees vaffles, shows a
removal efficiency of 30 to 40%. Considering the uncertainties involved,
Fullerton's data appear to show that the theoretical predictions are reasonable.
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5«2 NEED FOR MORE COMPREHENSIVE THEORETICAL PREDICTION METHODS

The previous section presented development of an equation (Ege (5.9)) that
could be used to predict removal efficiency for various size particles in a
quench towsr having a specific baffle configuration, when the superficial gas
velocity is known. However, the test data discussed earlier showed that gas
velocity varies with time and location in the tower. It is also likely that
the mass concentration and particle size distribution themselves vary with time
during each quenches Therefore, if the variability in these parameters could bhe
determined, a more accurate and realistic estimate of baffle performance (re-
moval efficiency) could be carried out using Eqe (5.9} in an appropriate com-
puter model.

A specific quench tower could be divided into several sections and within
gach section an algorithm could be developed and used to express the variation
in velocity, concentration and particle size as a function of time, Then for
sach time segment, Eq« (5.9) would be used to compute removal efficiency in
each segction of the tower to yield total removal efficiency for all sections.
Integration of total removal efficiency over the entire time period of the
quench would then show total mass removed by the baffles. This would certainly
be a more accurate approach than that using average values for velocity, con-
centration, and particle size. It is estimated that development of such a model
would require about 2,000 man-hours, assuming that data were available from
which suitable algorithms could be derived. In this regard, the available test
data do contain some information on variations in velocity with time and loca-
tion. There are also data avallable on variations in mass concentration with
location, but not with time. Perhaps more importantly, there may nobt be any
data available on variability of particle size distribution with time. If these
data are not available it would have to be obtained in order to develop a com-
puter model. If such a model could be developed, it would be useful in assess-
ing emissions from quench towers, even if only some average data were available
for those towers, and in assessing performance of different baffle designs.
However; any such model would only be as good as the information used in its
development, including any particle size data. Measurement of particle size
in quench towers is quite difficult and use of such data in a computer madel,
or in Eqe (5.9}, may have to await development of better methods for determining
size distribution. At present, the available data on particle size distribution
before and after any control system (i.e., baffles) are very limited so it is
difficult to verify any model. Therefore, it is difficult to assess even the
velative differences in the effectiveness of different control methods.
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APPENDIY A

SUMMARY OF QUENCH TOWER INFORMATION

OBTAINED DURING PLANT VISITS
mmm“m
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Six site visits were carried out as ome part of the investigation into
coke quench tower operation. Table A-1 presents a summary of the data obtained
in regard to the quench towers inspected in these plants.
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